Abstract: This paper presents the comparison of two sorption cooling systems for providing air conditioning in a residential building that can be driven by a flat plate solar collector. A thermodynamic model has been developed for each system to compare the energy balance in each component and the coefficient of performance (COP). Analyses have been performed for 10 kW water-ammonia absorption and activated carbon-ammonia adsorption chillers. For both systems, the first law efficiencies have been compared and the optimum efficiency has been investigated under different operating conditions. Analysis revealed that under any operating condition, the COP is always higher for the absorption chiller and its maximum value is 0.6, which is almost twice that of the adsorption chiller (COP = 0.35), for 10 kW systems operating at evaporator and condenser/absorber temperatures of 2ºC and 30ºC, respectively. The adsorption system requires a higher energy input to produce the same cooling effect as compared to the absorption system. Keywords: air conditioning; absorption; adsorption; activated-carbon; energy; coefficient of performance; COP; ammonia.
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Introduction
People are more concerned about the environment as a result of the social and economic development of society. At the same time, increasing energy demand and price of traditional energy resources is enforcing the practice of energy conservation, and the creation of new power supply. Climate change is expected to elevate the energy demand for comfort air-conditioning, cooling and refrigeration above its current level. It has been predicted that the worldwide residential energy use for cooling will increase by 72% by 2100 because of only for the climate change (Isaac and Vuuren, 2009 ). Air-conditioning demand is also increasing proportionally with the human standard of living (Choudhury et al., 2013) . Air-conditioning usage will increase with increasing personal incomes in developing countries which will lead to an increase of energy demand (McNeil and Letschert, 2007) . The use of air conditioning in China jumped from 1% in 1990 to 62% in 2003, and in 2010 50 million household air conditioning units were sold there. Worldwide, the growth of air conditioning unit sales increases 20% per year (McNeil and Letschert, 2007) . The current energy usage for air-conditioning by the USA alone is more than the combined energy usage by all other countries (Cox, 2012) . The US Energy Information Administration reported that annually 87% of American households consume 185 billion kilowatt hours of energy for air conditioning and residential cooling (EIA, 2013) .
For air-conditioning applications, conventional vapour compression systems are commonly used, which are driven by electrical energy. This causes stress on the electrical distribution system during the summer peak load period at the time of high energy demand. Thermally-driven cooling systems have already been proven for their technical feasibility (Zhai and Wang, 2009) . Solar thermal technology (converting sunlight to thermal energy) is a form of renewable energy that does not produce any greenhouse gas, as a result the ozone layer does not be depleted. Furthermore, the solar energy is also abundant and available during the time of high cooling demand in summer. Cooling by solar thermal energy can replace the traditional vapour compressor chiller with a chiller driven by thermal energy, and reduce the peak electricity demand during the summer. Thermal cooling technologies are classified as sorption cooling and desiccant cooling. Sorption cooling technologies are increasingly being developed and used because of their simple construction, low operating costs, low temperature heat source and long lifetime (Zhai et al., 2008; McNeil and Letschert, 2007) . At present, most of the air-conditioning systems driven by solar energy are based on solar sorption cooling (Zhai and Wang, 2009) . It is reported that solar assisted cooling systems can save 40%-50% of the primary energy in Europe and the Mediterranean areas (Balaras et al., 2007) .
Thermally activated sorption cooling may be further categorised into absorption and adsorption cooling. In absorption process, two different phases of substances are incorporated with each other, whereas, molecules or ions of different substances are bonding or adhering on the solid surfaces in adsorption process (Deng et al., 2011) . The mechanical compressor used in conventional vapour compression systems may be replaced by the thermal compressor in sorption cooling systems. In central air conditioning systems, these two technologies are mostly used with decentralised fan coils or cooling ceilings that provide cooling to the room by radiation and convection (Treberspurg et al., 2011) .
Absorption cooling systems
A refrigerant and an absorbent form a working pair in an absorption refrigeration system. Water-ammonia and lithium bromide-water are the most common working pairs that are usually used in absorption refrigeration and air conditioning systems. Currently, lithium bromide-water absorption chillers are mostly used for large scale applications. But in small scale applications, the lithium bromide-water absorption chillers are limited because of their crystallisation problem, high initial cost, and high absorber temperature (Aman et al., 2014) . For small size (< 30 kW) cooling or residential air conditioning (3 to 10 kW) applications, the ammonia-water pair is widely used (Abdulateef et al., 2008; Wang et al., 2009) . Furthermore, the physical properties of ammonia (refrigerant with low specific volume and high pressure) enable the ammonia-water chiller to be compact (Aman et al., 2014; Pons et al., 1999) .
The water-ammonia chiller for air conditioning was first introduced in 1964 (Ryan, 2002) and was driven by direct-fire. But it lost popularity because of its lower efficiency, compared to electrically-driven vapour compression systems. Recently, high efficiency water-ammonia chillers have been developed for light commercial and residential applications. The addition of a high efficiency heat exchanger between the generator and absorber, named as GAX, made this chiller more effective. But the high temperature required to drive this chiller limits its wide application . The German company, SolarNext, introduced a low-temperature driven 10 kW ammonia-water absorption chiller for commercial and residential air conditioning applications. With a driving temperature of 78~85ºC, this chiller produces 16~19ºC chilled water with a COP of 0.63 (Jakob and Pink, 2007) . Different research organisations and universities have built many prototypes of ammonia-water absorption chillers but none of these are commercially available. In Turkey, a solar-powered ammonia-water absorption heat pump was built as a prototype by Gazi University. The maximum COP of 0.8 was achieved at 55ºC driving temperature by providing a 10ºC evaporator temperature for this heat pump (Sozen et al., 2002) . Stuttgart University in Germany built a prototype 2.5 kW water-ammonia diffusion absorption chiller which provided 1.5 kW of cooling load with a driving temperature of 150 to 170ºC and a COP of 0.3 (Jakob and Eicker, 2002) . In Stuttgart Germany, for air-conditioning applications, ITW developed a 10 kW prototype ammonia-water absorption chiller. This chiller produced 15°C chilled water in the evaporator with a 90°C driving temperature and a COP 0.66 (Luo et al., 2010) . The French National Institute developed a prototype 4.2 kW ammonia-water absorption chiller for Solar Energy. This chiller was operated at 80°C driving temperature while providing an evaporator temperature of 18°C. The best COP achieved for this chiller was of 0.65 (Boudéhenn et al., 2012) .
Adsorption cooling systems
The practical difference between an adsorption cooling system and an absorption system is that neither a pump nor a rectifier are needed for an adsorption system. In an adsorption cooling system, solid adsorbent and the refrigerant form a working pair. The selection of adsorbent-adsorbate (refrigerant) depends on their physical, chemical and thermodynamic properties as well as their availability and cost (Askalany et al., 2012) . Silica gel, zeolites, and activated carbon are usually used as the solid adsorbent with the selection of a suitable adsorbate (refrigerant) for adsorption cooling systems (Zhai et al., 2008) . The specific heat capacity and large internal pore structures of activated carbon results in a high capacity to adsorb the adsorbate (Askalany et al., 2012) . Ammonia, ethanol and methanol are common adsorbates for activated carbon.
In 1848, the first adsorption cooling system was developed by Michael Faraday with the working pair of ammonia and silver chloride (AgCl) (Critoph and Zhong, 2005) . In the 1930s, commercial applications of silica gel/sulphur dioxide refrigerators existed, and in 1960, activated carbon-methanol refrigerators were commercialised. The latter two used fossil fuel burning as their heat source and were unsuccessful because of their high price compared to conventional systems (Choudhury et al., 2010) . A 3.2 kW waste heat/solar powered four-bed, double-stage, non-regenerative (hot water flow arrangements are parallel) adsorption chiller was tested by Saha et al. (2001) . The driving temperature for this system was 70ºC and the best COP achieved was 0.36 while providing 10ºC chilled water in the evaporator. Wang et al., (2001) developed an adsorption air-conditioning system with a heat source temperature of 100ºC. In this system, two carbon adsorbent beds and methanol refrigerant were used with a cycle time of 60 minutes for providing 3 kW cooling power with a COP of 0.21. A 10 kW silica gelwater adsorption chiller has been developed by Wang et al., (2005a , 2005b . The investigation of its operation revealed that this chiller can be driven by 85ºC hot water while providing a COP of 0.4 and a 10ºC chilled water temperature. Agnieszka and Władysław (2010) compared the 10 kW LiBr-H 2 O absorption and Silica gel-Carcon adsorption systems for air-conditioning applications. The absorption system had the higher COP (= 0.67) compared to the adsorption system (COP = 0.39) in their study. The recent scenario of absorption and adsorption cooling systems was studied by Ghafoor and Munir (2015) . According to their study, the chiller cost for LiBr-H 2 O absorption system is 300-350 Euro/kW whereas the adsorption chiller cost is 400-450 euro/kW.
For sustainable development, small-scale absorption and adsorption cooling are the greatest alternatives to vapour compression cooling in residential air-conditioning applications. So, it is very important to compare these two cooling systems and their compatibility for residential applications. Though analysis of these two systems individually has been reported in the literature, component-by-component comparison of these sorption technologies has not been reported. In order to accomplish this task, a simplified thermodynamic model for adsorption was developed in this paper and compared with the thermodynamic model of absorption previously published by these authors (Aman, et al., 2014) . Due to the benefit of ammonia as a refrigerant for small scale applications] and good absorbent properties of activated carbon, ammonia-water and activated carbon-ammonia pairs have been considered in this paper to compare these two cooling systems. The analysis was conducted for a residential cooling load (10 kW) using low-temperature heat source which would be appropriate from a solar driven cooling system. This study presents the system performance of absorption and adsorption cycles as determined by the proposed thermodynamic models and the maximum system performance will be compared under different operating conditions.
A review of the mathematical modelling of the adsorption system has been described by Yong and Sumathy (2002) . Three different models were described in this literature, classified as: mass and heat transfer model, lumped parameters model and thermodynamic model. In the thermodynamic model, a detailed heat transfer process is not considered. Whereas the lumped parameter model considered only the heat transfer process, but did not reflect surface temperature variation with respect to time, which is incorporated in the heat and mass transfer process (Wang et al., 2005a, Part I) . For the evaluation of the best performance of a refrigeration cycle, the thermodynamic model is adequate. Almost all models have been applied to silica gel-water, zeolites-water, and activated carbon-methanol adsorbate-adsorbent pairs. The model proposed here is a thermodynamic model developed for the activated carbon-ammonia working pair in which activated carbon is directly embedded in the solar collector to work as an adsorption bed.
Cycle operation principles

Absorption cooling systems
An illustration of a single effect water-ammonia solar absorption cooling system is shown in Figure 1 . In this system, the absorption chiller is connected to a solar thermal collector, a controller, a heat storage tank and an auxiliary heater backup system. The chiller is also connected to the indoor air cooling system to provide air-conditioning in the building. The basic components of an absorption chiller are the generator, the condenser, the absorber and the evaporator. A solution pump, heat exchanger, expansion valves and a rectifier are the 'auxiliary' components of this system.
In this thermal-driven cooling system, ammonia is the refrigerant, which is the solute, and water is the absorbent. The heat is provided to the strong solution (high ammonia concentration) in the generator by the solar collector. Ammonia starts evaporating and passes through the rectifier while leaving the hot weak solution (lower ammonia concentration) in the generator (Aphornratana and Eames, 1995) . In condenser, the high pressure pure ammonia vapour from the generator-rectifier (state 1) is condensed, becoming high pressure ammonia liquid (state 2). After passing through the expansion valve, the ammonia vapour becomes a low pressure ammonia liquid-vapour mixture (state 3). This low temperature and low pressure ammonia evaporates in the evaporator and becomes ammonia vapour, which is absorbed by the cold weak solution in the absorber (state 4). The surroundings of the evaporator feel the cooling effect while surrendering its heat to vaporise the liquid ammonia in the evaporator. After leaving the evaporator, the low pressure ammonia vapour enters the absorber and is absorbed by the weak solution, turning it into a saturated strong ammonia-water solution. This strong solution is pumped through the heat exchanger between the absorber and the generator by a solution pump (state 5-7). After losing its ammonia vapour in the generator-rectifier, the leftover hot, and now weak, solution in the generator flows back to the absorber via the heat exchanger (states 8-9) and an expansion valve (state 10). The weak solution reduces its pressure and enters the absorber at the absorber pressure and temperature. As water and ammonia both are volatile, a rectifier is needed in this system so that there will be no moisture content in the ammonia vapour when it enters the condenser. The moisture or water vapour could freeze in the condenser or pipeline or block the expansion valve (Raghuvansh and Maheshwari, 2011) and might lower the cooling effect in the evaporator (Deng et al., 2011) . The COP value of the system would be lower without the heat recovery by the heat exchanger in this cycle (Adewusi and Zubair, 2004; Sun, 1998) . The solution pump in this system is the only component that needs electric power as work input.
Adsorption cooling systems
The main components of an adsorption cooling system are the adsorption bed, the condenser, the refrigerant storage tank and the evaporator as shown in Figure 2 . The adsorption bed contains the adsorbent (activated carbon) that can adsorb the refrigerant (ammonia). Figure 2 describes the working principle of a basic adsorption chiller where the adsorption bed alternates between adsorption and desorption processes during the cycle. Two valves are necessary for the basic operation of this adsorption chiller. When solar heat is available, the adsorption bed, which begins saturated with refrigerant, is initially isolated from the condenser and the evaporator by valves C and E. In this process, when solar energy strikes the adsorption bed, its temperature and pressure increase. During the desorption process, valve C is opened while Valve E remains closed. When the pressure of the full system rises up to the condenser pressure, the ammonia evaporates and flows towards the condenser. The desorbed vapour enters the condenser where it is condensed at the surrounding temperature and stored in the refrigerant storage tank. The amount of desorbed refrigerant from the adsorption bed increases with increasing bed temperature and the adsorbate concentration continues to decrease. When the adsorption bed has reached the desirable refrigerant concentration, valve C between the condenser and adsorption bed is closed and the adsorption bed is cooled to its initial temperature. Practically, this means shielding it from the sun and promoting air cooling. The system pressure is reduced to the evaporator pressure. During the adsorption process, the adsorption bed connects to the evaporator through valve E. This time valve T is opened; the low-pressure liquid refrigerant from the refrigeration tank enters the evaporator, through the throttle valve. After creating the cooling effect at the evaporator, the low-pressure refrigerant (ammonia) vapour is adsorbed by the cooled adsorption bed. The basic adsorption refrigeration cycle has been described in this analysis to compare the thermodynamic performance with the absorption refrigeration cycle. For a continuous cooling effect from an adsorption system, two adsorption beds would be required: one working as a desorption bed while the other works as an adsorption bed alternatively to produce a continuous cooling effect. Note that desorption can only occur when solar energy is available, whereas adsorption may occur during the day and night. 
The thermodynamic cycle of a basic adsorption refrigeration bed is represented in the clapeyron diagram, Figure 3 , which consists of four processes. During heating of the adsorption bed, process A-B is a constant volume pressurisation process (isosteric heating phase), where B-C is a desorption process at constant pressure (isobaric heating phase). During cooling of the adsorption bed, C-D is a depressurisation process at constant volume (isosteric cooling phase) and D-A is an adsorption process at constant pressure (isobaric cooling phase). 
Absorption system
For the absorption system, the first law of thermodynamics was analysed for each component by using the following mass and energy conservation equations:
where Q & is the heat transfer rate (kW), m & is the mass flow rate (kg/s) and h is the specific enthalpy (kJ/kg). For this energy analysis, the following simplified assumptions have been considered (Aman et al., 2014) .
• The system is operating under steady state conditions.
• Ammonia-water solutions are at equilibrium condition in the absorber and the generator at their corresponding temperatures and pressures.
• Unintentional pressure drops and heat losses in the pipelines and system components are negligible. So, heat transfer to and from the surroundings is negligible, other than at the condenser, evaporator and absorber.
• All throttle valves are under adiabatic which results the constant entropy processes.
• The circulating pump is isentropic.
• The vapour leaving the generator/rectifier is 100% ammonia.
• The refrigerant states leaving the condenser and evaporator are saturated liquid and saturated vapour.
• The ammonia-water solution at the absorber outlet is a rich solution at the absorber temperature.
• The condenser and the absorber are air cooled at atmospheric temperature 25ºC.
The heat transfer from and to the system are determined by the energy balance of each component of the system. The heat balance for generator, absorber, pump, heat exchanger, condenser and evaporator are represented by equations (3) to (15) taken from Aman et al. (2014) .
For the generator, the mass and energy balances are (numbers refer to streams in Figure 1 ):
• total mass balance
• NH 3 mass balance
where X is the NH 3 mass fraction in solution.
• Energy balance
The mass flow rate of the strong and weak solutions are determined by equations (3) and (4).
The pumping power of the solution pump could be determined by defining the circulation ratio, which is the ratio of the strong solution mass flow rate to the refrigerant mass flow rate (Hammad and Habali, 2000) .
The solution heat exchanger energy balance is represented by equations (9) and (10).
( )
where η HEX is the heat exchanger efficiency, which is assumed to be 80%.
The energy balance of the pump is:
• energy balance for condenser
• energy balance for evaporator
• energy balance for absorber 
Q m h m h m h
The coefficient of performance (COP) of the absorption cooling system can be determined by the cooling effect obtained in the evaporator and the primary energy supply to the generator. The COP is defined as (Shahata et al., 2012) : 
Adsorption system
The major equation that describes the thermodynamic model for an adsorption cycle is the adsorption equilibrium equation. The Dubinin-Astakhov (D-A) model is the most frequently used model to describe this phenomenon (Hassan et al., 2012) . Critoph and Metcalf (2004) defined a simple version of the Dubinin-Astakhov for the modelling of carbon-ammonia adsorption as:
where, x is the adsorbate concentration (kg/kg adsorbent), T is the test temperature, x 0 is the maximum absorbate (adsorbate) concentration under saturation conditions, T sat is the saturation temperature corresponding to the gas pressure and n is a constant. For this study, LM128 monolithic carbon has been considered, for which x 0 = 0.3333, K = 3.6962 and n = 0.9900 (Tamainot-Telto and Critoph, 2000) . As the specific heat changes with temperature, Tamainot-Telto and Critoph (2000) describe the correlation of the specific heat and temperature of LM128 monolithic carbon as follows:
( ) 775.62 2.826
where, T a = adsorbent temperature in ºC. The isosteric heat of adsorption/desorption can be determined by amount of heat required to adsorb or desorb a unit mass of the adsorbate. And this represents the enthalpy of adsorption which is a function of the amount of adsorbed refrigerant. For ammonia, the isosteric adsorption/desorption heat, q sh can be determined by using Clausius-Clapeyron equation (Tamainot-Telto and Critoph, 2000) .
where R is the gas constant (~ 488 J/kg-K), T is the sample temperature, and A is a constant (= 2823.4) corresponding to the slope of the saturation curve on a plot of ln(P) vs. -1/T sat , and T sat is the saturation temperature corresponding to the gas pressure P. The following assumptions have been made to develop this thermodynamic model for an adsorption cooling system: • Pure ammonia is being adsorbed and desorbed in the adsorption and desorption cycles.
• The temperature at the end of adsorption is equal to the condensing temperature.
• Constant heat source and sink temperatures.
• The specific heat of the refrigerant in the adsorbed phase is equal to the specific heat of the gas at a given pressure and temperature and is considered to be constant (Cacciola and Restuccia, 1995) .
• In the adsorbent bed, the temperature is uniform.
• The refrigerant is adsorbed uniformly in the adsorption bed.
• The isosteric heat of adsorption/desorption is constant.
• Both solid and gas phases are at thermodynamic equilibrium, in which the rate of desorption is equal to the rate of adsorption.
• The full cycle was assumed to operate for two hours, meaning a one-hour desorption and a one hour adsorption.
All thermal contributions must be considered to calculate the COP of the adsorption chiller. The following equations have been developed in this energy analysis model.
Energy balance for desorption
The desorption process is endothermic and is attained by the absorption of heat (Hassan et al., 2012) . From the Clapeyron diagram ( Figure 3 ) the heat that needs to be supplied to the adsorbent during its isosteric and isobaric heating phases has been described by the following equation:
During this process, the heat needed to raise the temperature from TA to TC includes the sensible heat of the solid adsorbent and its adsorbate (refrigerant), and has been described by the first two terms on the right hand side of the equation, while the last term is the heat of desorption for the amount of refrigerant (adsorbate) being desorbed.
Energy balance for adsorption
The adsorption process is exothermic and develops heat (Hassan et al., 2012) . During adsorption, the energy balance is given by the following equation:
In the equation, on the right hand side, the first two terms are the sensible heat of the solid adsorbent and its adsorbate (refrigerant) that gets released in isosteric and isobaric cooling processes from temperature T C to T A , the third term is the heat of adsorption for the amount of refrigerant (adsorbate) being adsorbed and the last term is the energy needed to increase the temperature of the refrigerant vapour from evaporator temperature to the adsorption temperature.
• energy balance for condenser in desorption phase (see Figure 2) ( )
• energy balance for evaporator in adsorption phase (see Figure 2) ( )
The COP of the adsorption chiller can be defined as the ratio of useful energy produced to energy supplied to the chiller and is expressed as:
The proposed thermodynamic models have been used to calculate the performance of the water-ammonia absorption and activated carbon-ammonia adsorption cooling systems using a spreadsheet for calculations. A 10 kW cooling capacity was considered the basis to evaluate and compare system performances for both cooling systems. A low temperature heat source was selected to supply heat to the generator/desorber of these chillers, and the absorber/adsorber cools by convection to the environment. Since ammonia is the refrigerant for both systems, a high operating pressure is obtained. The maximum and minimum pressures of both cycles have been set according to the condenser and evaporator pressures which were set at 1,167 kPa and 462 kPa, respectively. The most important operating conditions for the performance of these cooling systems are the operating temperatures (Rezk and Al-Dadah, 2012) . The temperatures for both systems are shown in Table 1 for a cooling power of 10 kW. 
Results and discussion
The thermodynamic properties of ammonia-water in a 10 kW absorption chiller are summarised in Table 2 . Based on the analysis and the operating conditions mentioned in Table 1 , these properties have been calculated at different states in the cycle operation. The desorption temperature for the 10 kW adsorption cooling system was assumed to be 80ºC for a constant evaporation temperature of 2ºC. For this evaporator temperature and capacity, the mass flow rate of the ammonia refrigerant in this system must be a constant 0.0089 kg/s. For one adsorption/desorption cycle, the properties in Table 3 have been used to achieve a 10 kW cooling load for the activated carbon-ammonia adsorption chiller.
Table 3
Properties of activated carbon and ammonia for 10 kW adsorption chiller at T gen/des = 80ºC, T con = 30ºC, T abs/ads = 30ºC, T eva = 2ºC, for 2 hours cycle period Specific heat capacity of carbon = 1.002 kJ/kg-K Mass of carbon = 675 kg X max = 23%
X min = 18%
Heat of adsorption = 1,605 kJ/kg Figure 4 Performance comparison of absorption and adsorption cooling systems at different cooling load with ammonia concentration in/on absorbent/adsorbent same as 10 kW system, operating at T gen = 80ºC T con = 30ºC, T eva = 2ºC, T abs/ads = 30ºC
The results of the first law of thermodynamics analysis for both systems are illustrated in Table 4 . The energy flow to or from each component of each system has been presented, as well as the COP. The result shows that, for a 10 kW cooling system, the adsorption chiller needs more heat input than the absorption chiller to keep a constant refrigerant temperature of 2ºC in the evaporator. It was also observed that the heat dissipation from the adsorber is almost double than that of the absorber. This indicates that the adsorber needs more cooling during its adsorption phase to provide the same cooling power as the absorption chiller. Both condensers have almost the same heat dissipation to achieve the same cooling effect. The heat flow pattern for both cycles is: the heat from the solar collector at high temperature goes into the generator/desorber, and the heat at low temperature goes into the evaporator from the air-conditioned area. The absorber/adsorber and the condenser reject heat to the environment at a temperature just above ambient. The analysis reveals that the COP for the absorption chiller is higher than that of the adsorption chiller under the same operating conditions which is reflected in Figure 4 . The thermophysical properties of the adsorbent in the adsorption system are the main obstacles to better system performance. The optimised thermal conductivity, permeability, porosity and specific heat of the adsorbent can increase the rate at which thermodynamic equilibrium is reached (Tamainot-Telto and Critoph, 2000) , but fundamentally, there is a large mass of activated carbon that must be heated and cooled, along with the refrigerant. 
Effect of generator/desorber temperature
The influence of generator and desorber temperatures on the COP of the absorption and adsorption systems is illustrated in Figure 5 . For both devices, the condenser and absorber/adsorber temperatures were set to 30ºC. In addition, the evaporator temperature has been set at 2ºC because the performance strongly depends on the evaporation temperature. The results show that the COP of the absorption system is almost always higher than that of the adsorption system. At temperatures below 80ºC, the COP values of both systems increase with increasing generator temperatures. But the absorption system has a generator temperature limit of 65ºC and there is a sharp drop-off in COP below this temperature. In contrast, the adsorption system has a gradual decay in performance all the way down to 61ºC desorber temperature. The COP for absorption and adsorption systems pass through maxima at 80ºC and 100ºC, respectively. The gradients of the COP curves for the systems decrease slowly after the maximum point, because more heat is required to provide the energy embodied in the ammonia vapour. At higher desorber temperatures, less carbon is required for the adsorption system to produce a constant cooling effect. This is because the amount of discharged ammonia vapour increases with increasing desorption temperature. To provide a constant flow rate of ammonia for a fixed cooling load, the simulated system was optimised by having less carbon. Therefore, the higher desorber temperature decreases the thermal load (the required heat energy input for a constant cooling load) of the desorber, as a result of its reduced mass. But the additional ammonia yield per kg of carbon decreases as the temperature increases, so after the maximum, the efficiency does not increase further with increasing desorber temperature. For the absorption cycle, although more ammonia vapour can be produced at the higher generator temperature, the simulation maintains the strong solution ammonia mass fraction at 55.05%, and varies the ammonia-water solution mass flow rate to provide a constant ammonia vapour mass flow rate. The decrease in solution mass flow rate at higher temperatures does not completely compensate for the increase in enthalpy of the weak solution, which is at the generator temperature. This, combined with the increasing enthalpy of the ammonia vapour, means that the thermal load in the generator increases. As a result, the COP of the absorption chiller decreases at high generator temperatures.
Figure 5
Effect of generator or desorber temperature on the COP for 10 kW absorption and adsorption cooling systems at T con = 30ºC, T eva = 2ºC, T abs/ads = 30ºC
Figure 6
Effect of desorber temperature on the COP and carbon content for 10kW adsorption cooling system at T con = 30ºC, T eva = 2ºC, T ads = 30ºC
The adsorption bed is an important element for the performance evaluation of the adsorption cooling system. Its capacity determines the system's size as well as the capital cost. For a 10 kW adsorption cooling system, Figure 6 shows the variation of the COP and the mass of carbon in the adsorption bed as a function of the desorber temperature. The mass of carbon decreases very sharply up to 90ºC with a rapid increase of COP as the desorber temperature increases. Above a 90ºC desorber temperature, both curves become almost flat. During the desorption process, the amount of ammonia leaving the adsorption bed depends on the difference of the concentrations (Δx) at adsorber and desorber temperatures. The ammonia concentration in the adsorption bed decreases with increasing desorber temperature because more ammonia vapour is released at higher desorber temperatures. So, the difference of ammonia concentrations increases as the desorber temperature increases. As a result, with constant adsorber temperature and cooling load, less carbon is needed to desorb the same amount of ammonia with increasing desorber temperature. This leads to a decrease of the amount of energy needed for the desorber to provide the same cooling effect, which results in a higher COP. The effect of varying the generator or desorber temperature on the cooling capacity, with constant solution mass flow rate (absorber) or constant carbon amount (adsorber), is illustrated in Figure 7 . Increasing the generator/desorber temperature increases the cooling capacity for both absorption and adsorption systems that supply a constant temperature (2ºC) in the evaporator at constant condenser and absorber/adsorber temperatures. When the required cooling capacity is low, the adsorption system can provide the same cooling effect at a slightly lower input temperature than the absorption system. As the heat source temperature increases, the cooling capacity increases more for the adsorption cooling system as compared to the absorption system. Higher desorber temperatures for a fixed adsorption bed produce more ammonia vapour leading to the adsorption cycle having a higher cooling effect as well as a higher efficiency. 
Effect of absorber/adsorber temperature
As cooling of the absorber or adsorber is a major concern for the system performance as well as for the system size and cost of any sorption chiller (Aman et al., 2014; Cacciola and Restuccia, 1995) , the dependency of the system performance on the absorber/adsorber temperature is shown in Figure 8 . In the absorption system, the weak solution in the absorber increases its absorption efficiency as the absorber temperature is lowered. This decreases the amount of energy required in the generator to provide a constant cooling effect. As a result, the COP increases. Similarly, in the adsorption system, the adsorption capacity of the carbon bed increases at lower adsorber temperatures during the adsorption process. Consequently, with a constant amount of carbon, the amount of ammonia desorbed also increases. Therefore, more ammonia vapour would be created during the desorption process. As a result, for a constant cooling load, the desorber thermal load decreases, therefore COP increases. It can be seen that, for both systems, COP decreases with increasing absorber/adsorber temperature. But for the absorption system, the COP decreases sharply above 40ºC, whereas for the adsorption system, the decrease of COP is moderate along the adsorber temperature increase. In both systems, the refrigeration effect essentially ceases at an absorber/adsorber temperature above 47ºC. Increasing absorber/adsorber temperature decreases the ammonia concentration in the absorber solution and in the adsorption bed. So, the ammonia absorbed/adsorbed above 47ºC is not enough to provide 10 kW cooling in the evaporator at an 80ºC generator/desorber temperature. It is also noted that the COP decrease is 8% if the absorber temperature rises from 20ºC to 35ºC; whereas, it is 24% for an adsorption system with the same temperature difference. Hence, cooling of the adsorption bed has a higher impact on the performance of the adsorption system than the absorption system.
Figure 8
Effect of absorber or adsorber temperature on the COP for 10kW absorption and adsorption cooling system at T con = 30ºC, T eva = 2ºC, T gen/des = 80ºC
Conclusions
The objective of this study was to select the sorption cooling system that can provide airconditioning in a residential building by using a low temperature heat source such as that from a solar thermal collector. To optimise the performance of two sorption systems based on operating conditions, thermodynamic analyses have been performed for the 10 kW ammonia-water absorption and activated carbon-ammonia adsorption cooling systems. The result shows that both systems can operate using a low temperature heat source, ranging from 60 to 90°C, which can be supplied by a flat plate solar collector.
The analysis reveals that the absorption chiller gives a higher system performance (COP = 0.60) than the adsorption system (COP = 0.35) under the same operating conditions. To provide this cooling effect, the adsorption system needs almost twice as much heat supplied (29 kW) compared to the heat supplied (17 kW) to the absorption system. The adsorption system also has a higher heat rejection (27 kW) compared to the heat rejection (15 kW) of the absorption system, to meet the same 10 kW cooling load. As a result, the adsorption system must be designed to collect and reject higher amounts of energy. The analysis also shows that the COP increases for both systems with increasing heat source temperature but decreases as absorber/adsorber temperature increases. And it has been revealed that the absorption COP is always higher than the COP for adsorption under all operating conditions simulated here. The result also demonstrates that the adsorption cooling system is highly sensitive to heat source temperature. A higher heat source temperature can reduce the adsorbent mass as well as the size of the adsorption chiller with a concomitant increasing system performance.
Finally, the models developed in this paper offer a simple and effective method for the energy analysis of absorption and adsorption cooling systems. This leads to identifying the highest performing thermal cooling system for small scale applications, considering different operating conditions. From the comparison of performances analysed here for the two sorption cooling systems, it appears that the absorption system is the most suitable solar sorption technology to provide air conditioning in a residential home. However, the cost and the size of the chiller are also important considerations for the application. The final selection will be influenced by the performance of the system and the conditions under which it operates.
